Plasticity in stomatal development and stomatal conductance as influenced by stomatal ratio and growth habitat by Auker, Emily Jane
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2021
Plasticity in stomatal development
and stomatal conductance as

















PLASTICITY IN STOMATAL DEVELOPMENT AND STOMATAL 










EMILY JANE AUKER 
 








Submitted in partial fulfillment of the 
 
requirements for the degree of 
 








































© 2021 by 
 EMILY JANE AUKER 
      All rights reserved 
Approved by 
First Reader 
Graham Dow, Ph.D. 
Senior Scientist, Department of Environmental Systems Science 
ETH Zurich 
Second Reader 
Richard Primack, Ph.D. 
Professor of Biology 
Third Reader 
Pamela Templer Ph.D. 
Professor of Biology 
iv 
PLASTICITY IN STOMATAL DEVELOPMENT AND STOMATAL 
CONDUCTANCE AS INFLUENCED BY STOMATAL RATIO AND GROWTH 
HABITAT 
EMILY JANE AUKER 
ABSTRACT 
While the impact of what environmental conditions promote amphistomy or 
hypostomy is extensively recorded, the impact on stomatal anatomy and function in 
amphistomatous versus hypostomatous plants is poorly quantified. The objective of this 
study was to test two hypotheses: (H1) amphistomatous species have greater stomatal 
developmental plasticity in response to local environmental conditions than 
hypostomatous species, as demonstrated by anatomical measurements of stomatal 
density, size, and maximum potential conductance (gsmax); and (H2) the increased 
developmental plasticity associated with amphistomy will enable greater flexibility in 
operational conductance (gs) over the course of a growing season. Species pairs, with one 
amphistomatous and one hypostomatous species, in the genera Aralia, Populus, and 
Salix were found through an initial survey at the Arnold Arboretum of Harvard 
University in Boston, Massachusetts. The above anatomical and physiological variables 
were measured, and it was found that the first hyposthesis was supported by the results 
while the second hypothesis was not. Overall, this indicates that amphistomatous species 
have enhanced developmental plasticity but that plasticity does not extend to 
physiological performance. This opens up further areas of study in order to determine 




TABLE OF CONTENTS 
 
ABSTRACT ................................................................................................................... iv 
LIST OF TABLES ......................................................................................................... vi 
LIST OF FIGURES .......................................................................................................vii 
LIST OF ABBREVIATIONS ...................................................................................... viii 
INTRODUCTION ........................................................................................................... 1 
METHODS ..................................................................................................................... 4 
RESULTS ....................................................................................................................... 8 
Survey ......................................................................................................................... 8 
Anatomy ...................................................................................................................... 9 
Physiology ................................................................................................................. 14 
Leaf Traits ................................................................................................................. 19 
DISCUSSION ............................................................................................................... 22 
BIBLIOGRAPHY ......................................................................................................... 25 
VITA ............................................................................................................................. 27 
 
 vi 
LIST OF TABLES 
 
 
Table 1. Summary of stomatal anatomy for all species. .................................................. 11 
 
Table 2. Ranges for gs (mol m-2s-1) and gs:gsmax values for each species over the course 




LIST OF FIGURES 
 
 
Figure 1. Abaxial stomatal density decreases as abaxial pore area increases.  ................. 10 
 
Figure 2. Amphistomatous plants significantly alter total gsmax across growth 
environments while hypostomatous plants do not .......................................................... 13 
 
Figure 3. Hypostomatous species tend to have a greater difference in median gs than 
amphistomatous species................................................................................................. 16 
 
Figure 4. Weekly and seasonal ranges in gs vary greatly. ............................................... 18 
 
Figure 5. Scatterplot of the difference in gs (mol m-2s-1) across environment types versus 
the difference in gsmax (mol m-2s-1) across environment types for each species. ............... 19 
 
Figure 6. Hypostomatous species show a greater LMA than amphistomatous species .... 20 
 
Figure 7. In general, amphistomatous plants significantly alter abaxial gsmax across growth 





LIST OF ABBREVIATIONS 
 
A photosynthetic rate 
 
BLC boundary layer conductance 
 
Ci intercellular CO2 concentration 
 
g stomatal conductance 
 
gm mesophyll conductance 
 
gs operational conductance 
 
gsmax maximum potential conductance 
 
IAS intercellular air spaces 
 
LMA leaf mass per area 
 
PAR photosynthetically activated radiation 
 






It is well known that stomata provide an interface between plants and their 
surrounding environment. Stomata open or close in response to environmental factors 
like light intensity or water availability, enabling them to regulate gas exchange that 
drives photosynthesis and transpiration. Stomatal conductance (g) is a measure of the rate 
of CO2 entering, or water vapor exiting, the leaf, and is a function of stomatal size, 
density, and aperture. The maximum potential conductance (gsmax) would be reached with 
a completely open aperture (Franks and Beerling 2009), but Dow et al. (2014) showed 
that the operational conductance (gs) is usually 20-30% of the maximum potential, as a 
completely open aperture is almost never realized. This ratio between gs and gsmax has 
also been consistently observed in a wide range of C3 plants worldwide (Murray et al. 
2019) demonstrating that there is a convergence in maximum stomatal conductance.  
One stomatal trait characteristic that can increase gs is amphistomy, the presence 
of stomata on both the adaxial (upper) and abaxial (lower) leaf surfaces, as opposed to 
hypostomy, the presence of stomata only on the abaxial leaf surface. The presence of 
stomates on both leaf surfaces suggests that amphistomatous leaves will have an 
advantage in diffusion over hypostomatous species (Mott et al. 1984). While 
hypostomatous leaves only have stomates on the abaxial leaf surface, the stomatal ratio, 
defined as the ratio of upper to total stomatal density, which can vary across and within 
amphistomatous species (Muir 2018). An adjustment in stomatal ratio can alter the 




With a greater proportion of the leaf surface allocated to stomata, there is greater control 
over gas exchange and photosynthetic responses (Haworth et al. 2018).  
Several environmental and anatomical factors have been hypothesized to favor 
amphistomy, including thicker leaves, lower precipitation, higher altitude, greater light 
intensity, and herbaceous growth form (Muir 2015). Parkhurst (1978) argued that 
amphistomy is a result of leaf thickness, but Mott et al. (1984) and Muir (2015) explain 
that leaf thickness cannot be separated from light intensity in determining what influences 
stomatal ratio. Salisbury (1927) studied British flora and determined that amphistomy is 
most common in herbaceous plants found in high-light environments and these findings 
have been replicated in subsequent studies (Mott et al. 1984, Jordan et al. 2014, Muir 
2015). In comparison, trees and woody shrubs are typically hypostomatous (Salisbury 
1927, Peat & Fitter 1994, Muir 2015). Muir (2018) found that amphistomy is associated 
with both light and growth form and that those two factors interact to influence stomatal 
ratio. His analysis showed that fast growing, herbaceous growth forms, found mostly in 
high light, favor amphistomy, while woody growth forms favor hypostomy, further 
supporting Salisbury (1927).  
Photosynthetic rates are higher when both leaf surfaces are used for gas exchange, 
so amphistomy would benefit plants by leading to faster carbon uptake and increased 
growth rates (Haworth et al. 2018). However, there are costs to having stomata on the 
adaxial leaf surface including increased susceptibility to foliar pathogens (McKown et al. 
2014) and increased transpiration (Buckley et al. 2015). Domesticated crops have 




stomatal ratios over generations to more amphistomatous leaves, leading to increased 
CO2 diffusion without concern for increased water loss (Milla et al. 2013). The idea that 
ample water supply allows leaves to develop amphistomatous traits is supported by 
findings that members of the family Salicaceae are hypostomatous in drier habitats, and 
amphistomatous in wetter habitats (Parkhurst 1978). All of this work has tested 
hypotheses about what environmental conditions and anatomical characteristics promote 
amphistomy or hypostomy. However, it is still unclear how environmental conditions 
may differentially impact the stomatal anatomy and function in amphistomatous versus 
hypostomatous plants, at the organismal scale. Does a greater allotment of surface area to 
stomata in amphistomatous leaves increase or limit developmental plasticity? Is plasticity 
in stomatal development reflected in functional changes to leaf gas-exchange?  
The goal of this study is to test two hypotheses related to these questions: 
H1. Amphistomatous species will have greater stomatal developmental plasticity in 
response to local environmental conditions than hypostomatous species, as 
demonstrated by anatomical measurements of stomatal density, size, and gsmax. 
H2. The increased developmental plasticity associated with amphistomy will enable a 
greater flexibility in gs at a given timepoint and over the course of a growing 
season. 
In order to answer these hypotheses, we examined amphistomatous and hypstomatous 
species pairs that have the same growth habit (herbaceous, woody shrubs, and trees) 
belonging to the same genus. While most woody species exhibit only hypostomy, two 




amphistomatous species (Ghahremaninejad et al. 2012, Mandre et al. 2012). These 
genera are highly represented at our study site, The Arnold Arboretum of Harvard 
University, located in Boston, Massachusetts, which made them ideal candidates. Also 
highly represented at the Arboretum is the genus Aralia, which has species ranging from 
herbaceous, to vines and small shrubs, and to large woody shrubs (Arnold Arboretum). 
While variations in stomatal morphology within the genus Aralia are not well 
documented, the large collection allowed for a broad survey of candidates. 
METHODS 
 
An initial survey was performed at the Arnold Arboretum of Harvard University 
in Boston, Massachusetts to determine which species in the genera Aralia, Populus, and 
Salix are amphistomatous or hypostomatous. 2-3 leaves from at least five species in each 
genus were used to make leaf peels. Nail polish was applied to the abaxial and adaxial 
surfaces of each leaf and was allowed to dry. Once dry, transparent tape was used to peel 
the nail polish off of the leaf and the tape and nail polish were placed on a microscope 
slide. The peels were imaged using a Nikon Eclipse Ni-E upright microscope using the 
Brightfield setting. From this survey, at least one amphistomatous and one 
hypostomatous species were selected from each genus. Where possible, species with 
more than one individual at the Arnold Arboretum were selected. The selected plants 
were one A. cachemirica, one A. californica (herbaceous shrubs), two S. purpurea, two S. 
cinerea (woody shrubs), one S. alba, two S. udensis (trees), one P. deltoides, two P. 
grandidentata, and three P. trichocarpa (trees). Of the P trichocarpa trees, there was one 




classified as herbaceous because the above-ground tissue is cut back and newly generated 
each year. The above-ground stems are generated from a permanent root system that is 
comparable to small woody shrubs. 
For each species pair, leaf development was distinguished by location or time and 
categorized into a specific micro-environmental type during sampling. Aralia individuals 
had designated “sun” leaves that emerged in full sunlight and were exposed across the 
growing season and “new” leaves that emerged in the understory shade after June 22, 
2019, as identified by flagging stems of new stems. Salix individuals had leaves that were 
designated as either “sun” or “shade” as defined by branch location. Sun branches were 
exposed to sunlight throughout the day and across the season, while shade branches were 
deeper in the plant canopy or shaded by surrounding plants. One Salix purpurea 
individual had both sun and shade branches, while the other individual only had 
measurable shade branches. One Salix cinerea individual had both sun and shade 
branches, while the other individual only had measurable sun branches. One Salix udensis 
individual had both sun and shade branches, while the other individual only had 
measurable sun branches. Populus individuals had “early-season” leaves that emerged 
before June 22, 2019, and “mid-season” leaves that emerged after June 22, 2019, as 
identified by flagging placed near the branch terminus on June 22. All Populus leaves 
were in full sunlight.  
 Every 2-3 weeks from June 12, 2019 (Sampling Week #1) to September 25, 2019 
(Sampling Week #6), the gas-exchange rates of 4-8 leaves from each individual and each 




Photosynthesis System (LI-COR Inc., Lincoln, Nebraska). Sampling of all individuals too 
approximately 3 days to complete. Measurements for S. udensis individuals began on 
July 2, 2019. “New” leaves and “mid-season” leaves were measured beginning on dates 
designated by flagging on the stems or branches as described above. Leaf chamber 
conditions for the LI-COR 6800 were set as follows: reference CO2 concentration of 415 
ppm, flow of 600 µmol s-1, photosynthetically active radiation (PAR) of 1500 µmol m-2s-
1, boundary layer conductance (BLC) of 2. Relative humidity and leaf temperature were 
not controlled and varied with the ambient conditions on sampling days.  
Leaves from each individual and each environmental condition were collected in 
the middle and end of the growing season, depending on leaf senescence as determined 
by visual inspection (e.g. discoloration). Leaf peels were performed and imaged as 
described above for all Aralia, Salix, P. deltoides, and P. trichocarpa leaves. 4-6 images 
of each peel were taken with the 10X objective to be used for stomatal density counts. 4-
10 images of each peel were taken with the 20X objective to be used for stomatal size 
measurements. S. udensis was imaged using the 40X objective for both density and size 
measurements due to the small and densely packed nature of the stomates. Due to poor 
image quality of P. grandidentata leaf peels, a leaf clearing protocol was used for 
imaging. Leaf disks from P. grandidentata leaves were stored in 7:1 ethanol:acetic acid 
solution until they were ready for clearing, at which point they were returned to an 
aqueous solution using an ethanol dilution series. Disks were treated with 1M potassium 
hydroxide solution and then rinsed in water. Remaining color was cleared with 100% 




were stained using 1% toluidine blue (aq). Due to the size of the stomata, 4-6 P. 
grandidentata images were taken at 20X and used for density counts and 4-6 images 
were taken at 40X for size measurements. Image analysis was performed using the cell 
counter for stomatal density counts and line tool for stomatal size measurements in FIJI 
(Schindelin et al. 2012). The maximum potential stomatal conductance (gsmax) was 







where d is the diffusivity of water in air (24.6x10-6 m2s-1); v is the molar volume of air 
(24.4x10-3 m3mol-1); D is stomatal density (mm-2), l is pore depth (um), which is 
approximated as equal to guard cell width at the center of the stoma, and amax is the 
average maximum stomatal pore area (um2), which is approximated as an ellipse with 
major axis equal to pore length and minor axis equal to 1/2 pore length. In 
amphistomatous species, measurements for stomatal density and gsmax were calculated for 
each leaf surface independently and the total values were calculated by adding the abaxial 
and adaxial values together. Leaves that were not used for imaging were instead used for 
measuring additional leaf traits, such as leaf mass per area (LMA), which is the ratio 
between leaf dry mass and leaf area. A certain number of leaf disks of either 12mm or 
25mm diameter, as determined by leaf quantity and size, were dried in an oven at 70°C 
for at least 72 hours, after which they were weighed to obtain their dry mass (mg).  
 All statistical analyses were conducted in R (R Core Team 2014) and figures were 







 The survey of Aralia, Salix, and Populus species at the Arnold Arboretum verified 
the existence of both amphistomatous and hypostomatous species within each genus 
(Supplemental Table 1). Aralia species were represented by herbaceous plants and woody 
shrubs at the Arboretum. The two Aralia species that were selected for this analysis, A. 
cachemirica and A. californica, were chosen based on their herbaceous growth habit and 
similar exposure to sunlight (unobstructed by neighboring plants). The A. cachemirica 
individual was located next to a small pond and consisted of dozens of herbaceous stems, 
originating and connected via belowground woody roots. The A. californica individual 
was broadly similar in appearance to A. cachemirica but was located on the side of a 
road, not near any visible water source. No amphistomatous woody shrubs in the Aralia 
genus were identified at the Arnold Arboretum. 
 The Salix species that were sampled represented woody shrubs and trees. Two 
woody shrubs were selected for analysis (S. cinerea and S. purpurea) and two tree 
species (S. alba and S. udensis) based upon their common locations. One individual of 
each shrub species was located immediately next to the other, adjacent to a large swampy 
area of the Arboretum. A second S. purpurea individual was also near the swamp, while 
the other S. cinerea individual was located on an exposed hill, not near any visible water 
source. Both tree species, S. alba and S. udensis, were also located nex to the swamp.  
 Populus species were only represented by trees. Three species were selected for 




location. All were present on a single hillside in direct sunlight. P. deltoides and P. 
trichocarpa individuals were mature, while P. grandidentata individuals were not. 
There were various reasons for different species to be dropped from the sampling 
list after the initial survey and over the course of the growing season. A. continentalis, A. 
cordata, and A. racemosa did not produce a sufficient number of “new” leaves on flagged 
stems to justify continued measurements, and were in locations that had significant 
shading at some point in the day. A. chinensis, A. elata, and A. spinosa are all woody 
Aralia species, however all three were hypostomatous, so there were no known woody 
amphistomatous Aralia species for comparison. Some Salix species had leaves with 
substantial pubescence or cutifular layers that made imaging of epidermal impressions or 
cleared leaf disks very difficult. Other Salix species had only one individual present in the 
Arboretum, while the chosen Salix species each had two. P. x generosa trees suffered 
greatly in July and the leaves completely senesced, while the leaves from young P. 
tremuloides individuals were eaten by caterpillars.  
Anatomy 
Average anatomical measurements for all species, leaf surfaces, and light 
environments are listed in Table 1. Within each genus and across all genera, there is a 
correlation between abaxial stomatal pore area and abaxial stomatal density (Figure 1a). 
As stomatal size (µm2) increases, stomatal density (mm-2) decreases as seen in values 
presented in Table 1. This correlation is strongest across Salix species, though it is 
skewed by S. udensis having much smaller stomata than all other species. In general, 




moderately sized and moderately dense stomata (Figure 1c), and Populus species have 
larger and less dense stomata (Figure 1d). Figure 1 only includes abaxial measurements 
in order to compare across all species.  
 
Figure 1 Abaxial stomatal density decreases as abaxial pore area increases. (a) Scatterplot 
of abaxial density vs. abaxial pore area; dashed lines represent a gsmax=1.0 mol m-2s-1 for 
a given stomatal size and density (lower line) and gsmax=2.0 mol m-2s-1 (upper line); (b-d) 
microscopic images of S. purpurea (abaxial); A. californica (abaxial); and P. trichocarpa 












Comparisons across leaf environments show that there is a significant difference 
(p<0.05) in total gsmax for all amphistomatous species. There is not a significant 
difference across environments in any of the hypostomatous species (Figure 2). In both 
Aralia species, sun leaves have greater median total gsmax than new leaves, with the 
amphistomatous A. californica showing a greater overall difference between 
environments than the hypostomatous A. cachemirica (0.417 mol m-2s-1 compared to 
0.135 mol m-2s-1). In all Salix species, sun leaves have greater median total gsmax than 
shade leaves (Figure 2). The amphistomatous S. purpurea has the greatest difference in 
median total gsmax (0.705 mol m-2s-1), while the hypostomatous S. cinerea has the smallest 
difference in median total gsmax (0.199 mol m-2s-1). Although the hypostomatous S. 
udensis has a larger difference in median total gsmax (0.472 mol m-2s-1) than the 
amphistomatous S. alba (0.409 mol m-2s-1), the former difference is not significant 
because of the extremely high absolute gsmax values in S. udensis. Among Populus 
species, the amphistomatous P. deltoides has the greatest difference in median total gsmax 
(0.488 mol m-2s-1) when comparing early season leaves to mid-season leaves, with mid-
season leaves having the higher gsmax. The amphistomatous P. trichocarpa individual is 
the only Populus individual to have greater total gsmax in early season leaves than in mid-
season leaves. This difference in median total gsmax (0.402 mol m-2s-1) is greater than the 
difference for the hypostomatous P. trichocarpa individuals (0.179 mol m-2s-1). The 
hypostomatous P. grandidentata has a smaller difference in meadian total gsmax (0.224 




is clear that amphistomatous species have enhanced stomatal developmental plasticity 
over their hypostomatous counterpart in all genera and growth habits.  
Figure 2. Amphistomatous plants significantly alter total gsmax across growth 
environments while hypostomatous plants do not. Boxplots of total gsmax (mol m-2s-1) 
comparing leaves from the same individual plants across different environment types. 
Dark shaded colors are amphistomatous species, while light shaded colors are 
hypostomatous species. * indicates a p-value less than 0.05, ** a p-value less than 0.01, 
n.s. a p-value greather than 0.05. 
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When looking at only abaxial leaf surfaces, there is a significant difference 
(p<0.05) in abaxial gsmax for all amphistomatous species except P. deltoides. There is not 
a significant difference across environments in any of the hypostomatous species (Figure 
7). 
Physiology 
 Comparisons of gs across leaf environments did not match the expectation set by 
the anatomical comparisons that the difference in gs between environments would be 
greater in amphistomatous species than in hypostomatous species. In both Aralia species, 
sun leaves have greater median gs than new leaves, and there is a significant difference 
between environments (Figure 3) with the hypostomatous A. cachemirica showing a 
slightly greater overall difference in median gs between environments than the 
amphistomatous A. californica (0.224 mol m-2s-1 compared to 0.183 mol m-2s-1). In all 
Salix species, sun leaves have greater median gs than shade leaves. In both Salix shrubs, 
there is a significant difference in gs across environments, with the hypostomatous S. 
cinerea showing a greater overall difference between environments than the 
amphistomatous S. purpurea (0.149 mol m-2s-1 compared to 0.073 mol m-2s-1). In both 
Salix trees, there is not a significant difference in median gs across environments, with the 
hypostomatous S. udensis showing a greater overall difference between environments 
than the amphistomatous S. alba (0.006 mol m-2s-1 compared to 3.7e-5 mol m-2s-1). 
Among Populus species, both of the hypostomatous species, P. grandidentata and P. 
trichocarpa, have a significant difference between environments while both of the 




greater difference in median gs when comparing early season leaves to mid-season leaves 
than P. deltoides (0.096 mol m-2s-1 compared to 0.025 mol m-2s-1) with mid-season leaves 
having the higher gs than early season leaves in P. grandidentata and early season leaves 
having higher gs than mid-season leaves in P. deltoides. The amphistomatous P. 
trichocarpa has a greater difference in median gs when comparing early season leaves to 
mid-season leaves than the hypostomatous P. trichocarpa (0.061 mol m-2s-1 compared to 
0.026 mol m-2s-1), with mid-season leaves having the higher gs than early season leaves in 
the amphistomatous individuals and early season leaves having higher gs than mid-season 
leaves in the hypostomatous individuals.  
Weekly and seasonal ranges in gs showed that, in general, hypostomatous species 
had a greater flexibility in gs than amphistomatous species. In Aralia species, there was 
little difference in average weekly range and seasonal range in gs, with the 
amphistomatous A. californica having slightly lower average weekly range and a slightly 
higher seasonal range in gs than the hypostomatous A. cachemirica (Table 2, Figure 4). In 
Salix shrubs, the amphistomatous S. purpurea had a lower average weekly range and 
seasonal range in gs than the hypostomatous S. cinerea. Similarly, in the Salix trees, the 
amphistomatous S. alba had a lower average weekly range and seasonal range in gs than 
the hypostomatous S. udensis (Table 2, Figure 4). In Populus species, the 
amphistomatous P. deltoides had a lower average weekly range and seasonal range in gs 
than the hypostomatous P. grandidentata Alternatively, the hypostomatous P. 
trichocarpa lower average weekly range and seasonal range in gs than the 





Figure 3. Hypostomatous species tend to have a greater difference in median gs than 
amphistomatous species. Boxplots of gs (mol m-2s-1) comparing leaves of the same 
species across different environment types. Dark shaded colors are amphistomatous 
species, while light shaded colors are hypostomatous species. * indicates a p-value less 
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Table 2. Ranges for gs (mol m-2s-1) and gs:gsmax values for each species over the course 
of the growing season across different environment types. Average weekly range is the 
average of the maximum gs minus the minimum gs for each of the six weeks of 
measurements. Seasonal range is the overall maximum gs minus the overall minimum gs 
from all measurements taken during the season. Min seasonal gs:gsmax is the overall 
minimum gs:gsmax value. Max seasonal gs:gsmax is the overall maximum gs:gsmax value. 


















A. californica amphi herbaceous 0.24 0.53 0.02 0.32 0.17
A. cachemirica hypo herbaceous 0.27 0.51 0.01 0.30 0.12
S. purpurea amphi shrub 0.14 0.22 0.01 0.11 0.05
S. cinerea hypo shrub 0.26 0.31 0.01 0.23 0.12
S. alba amphi tree 0.10 0.18 0.01 0.12 0.06
S. udensis hypo tree 0.20 0.51 0.01 0.12 0.05
P. deltoides amphi tree 0.12 0.21 0.07 0.22 0.13
P. grandidentata hypo tree 0.23 0.49 0.02 0.26 0.17
P. trichocarpa amphi tree 0.27 0.42 0.04 0.31 0.19





Figure 4. Weekly and seasonal ranges in gs (mol m-2s-1) vary greatly. Boxplots of weekly 
gs over the course of the growing season. All Aralia measurements are from sun leaves. 
All Populus measurements are from early season leaves. All Salix measurements are 
from sun leaves. Dark shaded colors are amphistomatous species, while light shaded 
colors are hypostomatous species. * indicates a p-value less than 0.05, ** a p-value less 




Gas exchange field measurements did not increase proportionally with the 
calculated maximum potential. Figure 5 shows that in most cases, with the exception of 
S. udensis, the amphistomatous species in the species pairs has a greater difference in 
total gsmax across environment types while the hypostomatous species has a greater 
difference in gs across environment types.  
 
Figure 5. Scatterplot of the difference in gs (mol m-2s-1) across environment types versus 
the difference in gsmax (mol m-2s-1) across environment types for each species. 
 
Leaf Traits 
 Using only sun leaves and early season leaves, LMA data was pooled such that 
comparisons could be made between amphistomatous plants and hypostomatous plants. 































hypostomatous species, with hypostomatous species showing a greater overall median 
LMA than amphistomatous species (9.41 compared to 7.57; Figure 6a). In all cases, the 
hypostomatous species showed a greater LMA value than the amphistomatous species 
(Figure 6b). 
Figure 6. Hypostomatous species show a greater LMA than amphistomatous species. (a) 
Boxplot of pooled amphistomatous and hypostomatous LMA measurements. (b) Bar 
graph showing greatest LMA value for each species. Dark shaded colors are 
amphistomatous species, while light shaded colors are hypostomatous species. * indicates 










































































































Figure 7. In general, amphistomatous plants significantly alter abaxial gsmax across growth 
environments while hypostomatous plants do not. Boxplots of abaxial gsmax (mol m-2s-1) 
comparing leaves of the same species across different environment types. Dark shaded 
colors are amphistomatous species, while light shaded colors are hypostomatous species. 
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Because amphistomatous leaves have a greater increase in gsmax across environments, 
the assumption was that amphistomatous species would also show a greater increase in 
gs. However, measured gs did not increase proportionally with gsmax (Figure 5). Seasonal 
data shows that, in general, amphistomatous gas exchange rates stay relatively steady, 
while hypostomatous gas exchange rates sometimes show a greater range at any given 
time point, and a greater range over the course of the season (Figure 4; Table 2). 
Modelling results suggest that increasing vein density shortens the CO2 diffusion 
pathway (de Boer et al. 2012) and that amphistomy may provide a similarly shortened 
CO2 pathway (Drake et al. 2019). Pathare et al. (2020) suggests that increases in adaxial 
stomatal density and stomatal ratio lead to increases in mesophyll conductance (gm), 
defined as “the diffusion of CO2 from intercellular air spaces (IAS) to the first site of 
carboxylation in the mesophyll cells”, by increasing the mesophyll surface area exposed 
to IAS (Smes) in C4 grasses. With an increase in gm the leaf is better able to assimilate CO2 
once it is inside the leaf, suggesting that increases in gs are not as critical in 
amphistomatous leaves as they would be for hypostomatous leaves. The lack of 
correlation between the difference in gsmax and gs in our data may be because amphistomy 
already provides enough of a diffusion advantage, possibly via a shortened CO2 pathway, 
over hypostomy that adjustments in gs are not as necessary. Because they are only able to 
use one leaf surface for diffusion, hypostomatous species have reduced gm. The greater 
range in gs in hypostomatous species may reflect the fact that these species need to 




studied showed a greater total LMA value when compared to their amphistomatous 
counterparts (Figure 6). Variation in LMA in woody, deciduous species is caused by a 
higher leaf density, due to higher volumetric fractions of mesophyll and lower fractions 
of air spaces (Villar et al. 2013). By this definition, our data indicates that hypostomatous 
species may have higher leaf density than amphistomatous species, which would support 
the findings Pathare et al. (2020) that increases Smes are correlated with increases in 
adaxial stomatal density. Thus, hypostomatous species require greater variation in gs than 
amphistomatous species to make up for the greater volumetric fraction of mesophyll and 
decreased IAS. 
When looking at only the abaxial surface, all amphistomatous species except P. 
deltoides show a significant difference in abaxial gsmax when comparing across leaf 
environments. There is not a significant difference across environments in any of the 
hypostomatous species (Figure 7). There is evidence that abaxial and adaxial stomata 
respond differently to changing light environments (Turner 1970; Pemadasa 1979) and to 
intercellular CO2 concentration (Ci; Soares et al. 2008). These differential responses to 
light and Ci, along with the gsmax data presented, suggest that in general, amphistomatous 
species may inherently have more developmental plasticity, rather than simply having the 
benefit of two surfaces for adjustment in gsmax. 
 While the gsmax calculations in Aralia and Salix showed the expected result of a 
higher gsmax in sun leaves when compared to shade leaves, there was no expectation for 
how early season leaves might develop differently than mid-season leaves in Populus 




course of the season, but in the amphistomatous P. trichocarpa, early season leaves had a 
higher gsmax than the mid-season leaves and there was little difference in the 
hypostomatous P. trichocarpa. When looking at LMA values for the Populus species, the 
amphistomatous P. trichocarpa has a greater LMA than the amphistomatous P. deltoides 
and the hypostomatous P. trichocarpa has a greater LMA than the hypostomatous P. 
grandidentata (Figure 6b). As discussed above, greater LMA is correlated with greater 
leaf density, indicating that the seasonal variation in gsmax may be related to leaf traits that 
differ between species. 
 While our first hypothesis that amphistomatous species will have greater stomatal 
developmental plasticity in response to local environmental conditions than 
hypostomatous species was met, the fact that that increased developmental plasticity did 
not lead to greater flexibility in gs did not match our expectations. Looking at LMA, there 
are differences in leaf traits between amphistomatous and hypostomatous species that 
may explain why hypostomatous species generally showed greater ranges in gs. This 
opens up an opportunity to research other anatomical traits, such as water use efficiency 
or leaf nitrogen, that differ between the leaves with either stomatal distribution and could 
provide more insight as to why amphistomatous species did not demonstrate greater 
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